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Abstract. Prediction of the consequences of harmful algal blooms for humans and other 
vertebrates is constrained by an inadequate understanding of the factors that promote 
their initiation. A simple exponential growth model of net production is used for analysis 
of four time series at different sampling intervals over ---40 years of red tide strandings, 
associated fish kills, and concomitant dust loadings on the West Florida shelf. At least 
large summer blooms of a toxic dinoflagellate Gymnodinium breve appear to be primed 
regularly by an aeolian supply of nutrients. Wet deposition of Saharan mineral aerosols 
may alleviate iron limitation of diazotrophic cyanophytes, which in turn fuel the nitrogen 
economy of red tides in the eastern Gulf of Mexico. Vagaries of the wind-induced 
circulation and of selective grazing pressure on phytoplankton competitors within 
phosphorus replete coastal waters then determine each year the residence times for 
exposure of G. breve-mediated neurotoxins to fish, manatees, and humans along the 
southeastern United States. 
1. Introduction 
Both the origin of and the nitrogen supply for red tides in 
the eastern Gulf of Mexico have remained obscure despite a 
long history of bloom events first recorded in 1542 by A. N. 
Cabeza de Vaca. Over the past century the seasonal duration 
of red tides each year off west Florida has varied from none to 
12 months [Steidinger et al., 1998], with >80% of the blooms 
apparently occurring in late summer-fall. Their causative agent 
was not identified until 1947 [Davis, 1948] as the dinoflagellate 
Gymnodinium breve, which produces brevetoxins. 
Blooms of G. breve originate ---20-75 km offshore [Steidinger 
and Haddad, 1981; Tester and Steidinger, 1997] of central Flor- 
ida at depths of ---15-40 m (Figure 1), yielding surface stocks 
of as much as 30-60 •g chl L -1 [Carder and Steward, 1985]. 
These red tides force closure of shellfish beds and regularly 
drive tourists from Florida beaches, with occasional impact as 
far away as North Carolina, where an economic loss of $25 
million occurred in 1987 [Tester and Fowler, 1990]. At popula- 
tion levels of >1 x l0 s cells L -1, or a biomass of >1 •g chl 
L -1, compared to background abundances of -<1 x 10 3 cells 
L -1 in the offshore Gulf of Mexico [Geesey and Tester, 1993], 
discolorations, fish and manatee kills, neurotoxic shellfish poi- 
soning, and respiratory irritation of humans ensue within near- 
shore waters. 
While physical aggregation mechanisms at tidal fronts may 
lead to local blooms of dinoflagellates in the English Channel 
[Holligan et al., 1983; Tett, 1987] and North Sea [Wyatt and 
Saborido-Rey, 1993; Joint et al., 1997], on Georges Bank 
[Franks and Chen, 1996;Anderson, 1997], and within the Bay of 
Fundy [Balch, 1981; White, 1987], as well as in the Seto Inland 
Sea [Kishi and Ikeda, 1986; Yanagi et al., 1995], their accumu- 
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lation is still the result of growth from nutrient supplies of the 
aphotic zone in these temperate ecosystems [Longhurst, 1998]. 
In contrast, 10% of surface photosynthetically active radia- 
tion (PAR) can be found at a depth of ---30 m on the oligo- 
trophic subtropical West Florida shelf. Thus the chlorophyll 
stocks within the upper 0.5 cm of sediment are usually twofold 
to fourfold those of the overlying water column (G. Vargo, 
personal communication, 2000), as is also found on the Geor- 
gia shelf [Nelson et al., 1999]. Pelagic biomass is then <0.5 •g 
chl L -•. 
Even a modest fall bloom of G. breve (Figure 2a), amounting 
to ---10 •g chl L -• within the upper 5-10 m, or 50-100 mg chl 
m -2, and a particulate organic nitrogen (PON)/chl (•mol/•g) 
ratio of 0.4 for shade-adapted populations [Shanley and Vargo, 
1993], with a C/chl ratio of 30, suggests that at least 20-40 
mmol N m -2 of dissolved new nitrogen are required to yield 
such dinoflagellate stocks on the West Florida shelf. Here, 
however, the nitrate stocks above the 40 m isobath (Figure 2c) 
are generally <0.25 •mol NO 3 kg -•, i.e., <10 mmol NO 3 m -2, 
except during episodic intrusions of the Loop Current [Haddad 
and Carder, 1979; Paluskiewicz et al., 1983] denoted by higher 
salinities (Figure 2b). Recent high-sensitivity fluorometric 
methods [Masserini and Fanning, 2000] suggest hat the back- 
ground nitrate stocks on the West Florida shelf are actually 
<0.01 /xmol NO 3 kg-1. 
At such low background levels, local anthropogenic nutrient 
supplies, i.e., deposition of NOx in Florida coastal waters 
[Paerl, 1997], may now modulate the present yield of today's 
phytoplankton populations. However, at only ---37% of the 
estuarine supply, they are not yet a major factor unless indus- 
trial releases were also large in 1542 and somehow missed by 
de Vaca! Indeed, we shall find that there was no difference in 
the intensity and duration of red tides between 1957 and 1992. 
Furthermore, during 1947 a large Florida red tide was found 
[Gunther et al., 1948], when eutrophication presumably had 
little impact on the Gulf of Mexico [Walsh et al., 1981]. 
Moreover, the supply of nitrate from either northern Florida 
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Figure 1. The location of 1969-1970 zooplankton time series (plus) on the 30 m isobath of the Florida 
Middle Ground in relation to 1958-1961 nutrient time series on the 15 and 40 m isobaths (open squares), to 
1966-1967 plankton time series on the --•5, 25, and 40 m isobaths (open triangles), to 1976 plankton time 
series between the 5 and 40 m isobaths (solid pentagons), to 1986 nutrient and red tide time series on the 20 m 
isobath (solid diamond), and to 1957-1998 red tide time series on the 5-10 m isobaths (open and solid circles) 
of the West Florida shelf. 
rivers or the Loop Current instead yields both pelagic diatoms 
in the water column and benthic ones within the upper 0.5 cm 
of sediment [Khromov, 1969; Saunders and Glenn, 1969; G. 
Vargo, personal communication, 2000], not dinoflagellates, as 
also found on the Louisiana [Dortch and Whitledge, 1992; Nel- 
son and Dortch, 1996] and Georgia [Nelson et al., 1999] shelves. 
This is hardly a surprise since the former can grow --•10 times 
faster than G. breve and most dinoflagellates have a half- 
saturation kso, of •7.2/xmol NO 3 kg -• compared to one of 
•1.3 /xmol NO 3 kg -• for diatoms [Smayda, 1997]. Thus the 
oxidized forms of inorganic anthropogenic nitrogen deposited 
within Tampa and Sarasota Bays [Paerl, 1997] may also be 
consumed by diatoms rather than by dinoflagellates. 
Although considered an oceanic resident of tropical seas, 
the diazotroph Trichodesmium erythraeum appears to play an 
important role in the nitrogen economy of toxic red tides of G. 
breve within coastal waters of the southeastern United States. 
Off the west coast of Florida, T. erythraeum is the dominant 
species of these colonial nitrogen fixers, while 'Trichodesmium 
thiebautii tends to be the most abundant form off the east 
coast. At very high levels of discoloration seen by aircraft 
above the West Florida shelf the surface stocks of these cya- 
nophytes amount o >200/xg chl L -•, as found off St. Peters- 
burg Beach during May 2000 (C. Heil, personal communica- 
tion, 2000). 
The 1947 red tide [Gunther et al., 1948] and the paucity of 
nitrate led to the early hypothesis that [Lasker and Smith, 1954, 
p. 175] "G. breve... red tide organisms might be able to utilize 
atmospheric nitrogen as some of the blue-green algae are ca- 
pable of doing." We, instead, pose a direct link between pop- 
ulation increments of T. erythraeum and G. breve, as previously 
suggested [Chew, 1955; Steidinger, 1973; Taylor and Pollingher, 
1987], but with Saharan dust now identified as the trigger 
mechanism for initiation of at least large red tides. 
At individual stations of our fixed sampling grids, maximal 
diazotroph populations during any one prior cruise to the West 
Florida shelf, were instead --•5-10 txg chl L -•, such that the 
above tenfold higher amount in May 2000 might have been 
induced by physical concentration, for example, Langmuir cells 
and internal waves, effecting small-scale patchiness [Franks, 
1997]. These nitrogen fixers are also found in the South At- 
lantic Bight, where Trichodesmium spp. impact the plankton 
dynamics of both the Georgia [Dunstan and Hosford, 1977] and 
North Carolina [Guo and Tester, 1994] shelves. Here seasonal 
maxima of Trichodesmium spp. occur in July, when the Georgia 
shelf populations of --•4.0/xg chl L -• are 100-fold those of the 
Gulf Stream. These cyanophytes are also associated with red 
tides of G. breve in North Carolina waters [West et al., 1996]. 
Diazotrophs, such as T. erythraeum found regularly off West 
Florida beaches [King, 1950], require iron to form the enzyme 
nitrogenase for fixation of Nn and show increased rates in 
response to Fe additions [Rueter, 1988; Rueter et al., 1990; Paerl 
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Figure 2. Time series of (a) red tides of Gymnodinium breve (10 s cells L -•) on the 15 m isobath and of (b) 
salinity and (c) nitrate (/•mol L -•) on the 40 m isobath of the West Florida shelf during 1958-1961. 
et al., 1994]. During summer the worldwide historical reports of 
the subtropical oceanic distributions of Trichodesmium spp. 
[Carpenter, 1983] indeed suggests that their relatively high but 
nonbloom [Capone and Carpenter, 1982] abundances of >102 
trichomes L -• ("-10 4 cells L -• or 0.01 /•g chl L -•) within the 
upper 5 m parallel the >100 mg m -2 yr -• isopleth of annual 
Fe deposition in the different oceans [Duce and Tindale, 1991], 
downstream of the adjacent desert source areas [Sokolik and 
Toon, 1996]. 
Within the lee of Barbados, however, their seasonal maxima 
amount o only 0.3 /•g chl L- • [Steven and Glombitza, 1972; 
Borstad, 1982] when Saharan dust is high [Prospero and Nees, 
1986] but where ---0.05/•mol PO 4 kg-• prevail over the upper 
25 m of the water column [Steven et al., 1970], typical of 
P-limited offshore regions [Codispoti, 1989; Tyrell, 1999]. In 
contrast, the molar ratios of dissolved inorganic nitrogen 
(NO 3 + NH 4 + NO2) and phosphate in the Peace River, 
entering Charlotte Harbor [Fraser and Wilcox, 1981; McPher- 
son et al., 1990], and in the Alafia River, entering Tampa Bay, 
are instead usually <2. They both drain the phosphate-rich 
Hawthorne formation of central west Florida [Dragovich et al., 
1968], such that at least ---0.20/•mol PO 4 kg -•, as well as ---0.20 
/•mol dissolved organic phosphorus (DOP) kg -• [Lenes et al., 
2001], are always found within 2-4 km of the Florida coast 
[Dragovitch et al., 1961, 1963; Vargo and Shanley, 1985]. 
At times, surface stocks of ---0.40/•mol P kg -• of both PO 4 
and DOP are also found above the 40 m isobath at midshelf, 
prior to iron-stimulated blooms of Trichodesmium; afterward, 
these inorganic and organic forms of phosphorus are undetect- 
able [Lenes et al., 2001]. When the coastal populations of these 
cyanophytes are neither Fe- nor P-limited [Karl et al., 1992], 
are not grazed by most copepods [Roman, 1978; O'Neil et al., 
1996], and remain at their optimal temperatures of 25ø-30øC 
[Carpenter and Romans, 1991], they would exhibit maximal 
growth, yielding observed biomasses of at least tenfold greater 
amounts on the West Florida and Georgia shelves than off 
Barbados. 
Subsequent excretion of dissolved organic nitrogen (DON) 
by Trichodesmium, at a rate of ---50% of their nitrogen fixation 
[Glibeft and Bronk, 1994], is consistent with a ---50% respira- 
tion loss of carbon during gross photosynthesis [Carpenter and 
Roenneberg, 1995]. This DON could then serve as the initial 
nitrogen source in offshore breeding waters for the subsequent 
noxious red tides found later at the coast. During 1999 we 
found increments of DON after population increases of Tri- 
chodesmium on the West Florida shelf [Lenes et al., 2001] (also 
found off Hawaii [Karl et al., 1992] and on the Great Barrier 
Reef (C. Heil, personal communication, 2000)). 
Like other dinoflagellates [Pomeroy et al., 1956; Carlsson and 
Graneli, 1993], G. breve can also utilize ammonium, vitamins, 
amino acids, and urea at varying rates [Wilson, 1966; Baden 
and Mende, 1979; Shimizu and Wrensford, 1993; Steidinger et al., 
1998]. Some of the DON utilized by G. breve may be of estu- 
arine or sea bed origin, as well as from pelagic diazotrophs. 
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Since G. breve blooms originate offshore away from near- 
shore supplies of both iron and DON [Ingle and Martin, 1971; 
Kim and Martin, 1974], however, we consider here the food 
chain impact of nitrogen fixation from an aeolian Fe supply, 
described by Darwin [1839, pp. 5-6]: "I collected a little packet 
of this brown-colored fine dust... From the direction of the 
wind whenever it has fallen,... we may be sure that it all comes 
from Africa... It has often fallen on ships... even more than 
a thousand miles from the coast of Africa and at points sixteen 
hundred miles distant in a north and south direction." 
In this paper, we explore the causal chain of conditional 
probabilities that must all occur to permit land fall of large red 
tides on west Florida beaches: Saharan dust; rainfall; iron- 
stimulated Trichodesmium; DON release; selective grazing on 
faster growing dinoflagellate competitors; initiation of G. breve 
red tide; onshore currents; P replete regime for bloom forma- 
tion. We examine ---40 years of plankton data on the West 
Florida shelf and of concurrent dust observations at Fort My- 
ers, Miami, and Barbados to test this hypothesis. 
For example, background levels of 0.1-0.5 nmol Fe kg -• 
were measured [Lenes et al., 2001] with a fiber-optic spectrom- 
eter in surface waters of the outer West Florida shelf during an 
August 1998 Ecology and Oceanography of Harmful Algal 
Blooms (ECOHAB) Florida cruise in the absence of major 
cyanophyte or dinoflagellate blooms that summer and fall (Fig- 
ure 3). In contrast, after documentation of large aerosol optical 
thickness events by advanced very high resolution radiometer 
(AVHRR) imagery (see http://www.nrlmry.navy.mil/aerosol/) 
and local radiometric data in St. Petersburg, as well as by direct 
observations of wet deposition of Saharan dust on June 27, 
1999, at Miami, surface values of 16.0 nmol Fe kg -• were 
found at the edge of the shelf, above the 175 m isobath, on July 
6, 1999. 
At the same time a tenfold incremental increase of Tri- 
chodesmium colonies occurred in this region over those found 
on the preceding ECOHAB survey of June 5-8, 1999, deplet- 
ing both PO 4 and DOP concentrations to <0.01/•mol P kg -•. 
During October 1999, after prior landward movement of the 
diazotroph stocks and, presumably, red tide inocula during 
August-September, large G. breve populations of >5 x 10 6 
cells L -• were then found nearshore on the 5-10 m isobaths, 
between Tampa Bay and Charlotte Harbor (Figure 1). Were 
these one-of-a-kind phenomena during 1999 and 2000 or dif- 
ferent realizations of the usual sequence of events defining the 
plankton succession leading to large red tides on the West 
Florida shelf? Small red tides may be another matter, primed 
perhaps by the vagaries of decomposition of sea grass and 
terrestrial plant debris. 
2. Methods 
2.1. Dust Time Series 
The length of dust time series at Fort Myers on the south- 
west coast of Florida is not as extensive [Prospero, 1999a] as 
those at either Barbados (1965-2000) or Miami (1974-2000), 
but concurrent dust data during 1995-1996 [Prospero et al., 
2001] suggest that the seasonal cycle of a summer maximum of 
Saharan aerosols, reflecting northward movement of the pre- 
vailing winds [Swap et al., 1996], is the same at --•26ø30'N, 
82øW, ---26øN, 80øW, and ---13øN, 60øW. The mean annual 
stock of mineral aerosols above both Miami and Fort Myers is 
about 40% of that at Barbados [Prospero, 1999b], yielding a 
combined dry (25%) and wet (75%) deposition rate [Prospero 
et al., 1987] of ---1.25 g m -2 yr-•. Most of this influx at Miami 
occurred in summer months of the rainy season during 1982 
and 1983; note that there were large red tides along the West 
Florida coast in both years (Figure 3). We thus examine rain- 
fall and wind data from Tampa, Sarasota, Venice, and Fort 
Myers records during 1976-1996. 
With an iron composition of 3.5 % of mineral aerosols [Duce 
et al., 1991; Zhu et al., 1997] an influx of ---80% of the annual 
loading, i.e., 0.6 mmol Fem -2, may occur during just 1 month 
at Miami, as well as above the West Florida shelf. The impacts 
of Saharan dust can be found both throughout Florida in soils 
[Landing et al., 1995] and (by satellite) above the eastern Gulf 
of Mexico [Carder et al., 1991; Lenes et al., 2001], where arrival 
of Saharan aerosols during June-August may stimulate iron- 
starved cyanophyte blooms on the oligotrophic West Florida 
shelf followed by red tides of G. breve. 
For example, at estimated dissolution rates of---10% for 
iron aerosols [Moore et al., 1984; Zhuang et al., 1990] a dis- 
solved iron stock of ---12 nmol Fe kg -• might then have been 
supplied cumulatively from such 1982-1983 dust events within 
a 5 m surface mixed layer over 1 month. Recall that we ob- 
served similar amounts at a few stations in July 1999 [Lenes et 
al., 2001]. A simple linear regression of offshore iron stocks in 
the West Florida shelf during ECOHAB cruises and monthly 
total dust at Miami, of all events with mineral aerosol concen- 
trations of > 10/•g m -3, yields an r 2 of 0.92 over June-October 
1999. 
The molar particulate N/Fe ratio for Trichodesmium is only 
465 [Rueter et al., 1992], compared to --•5000 [Martin et al., 
1989; Brand, 1991] for nitrate-using diatoms [Timmermans et 
al., 1994] and ---16000 [deBaar et al., 1990] for smaller, ammo- 
nium-using flagellates [Sunda and Huntsman, 1997]. On the 
basis of an inverse relation of molar N/Fe ratios and half- 
saturation constants for Fe uptake, with kFe of "•0.03 nmol Fe 
kg -• for flagellates and ---0.12 nmol Fe kg -• for netplankton 
diatoms [Leonard et al., 1999], the kFe for Trichodesmium 
might be ---1.0 nmol Fe kg -•. Laboratory measurements of 
nitrogen fixation per unit biomass of these cyanophytes, in 
response to Fe enrichments, indeed suggest a kFe of "• 1.0 nmo1 
Fe kg -• [Rueter et al., 1990]. 
At background levels of dissolved iron of <0.1 nmol Fe kg -• 
on the West Florida shelf during the dust-free periods of May 
and October the cyanophytes would thus be under severe Fe 
limitation. In contrast, during Saharan dust events, maximal N 
fixation should ensue if rainfall and phosphorus tocks are also 
sufficient. We first examine the timing of Saharan dust events 
at Miami or Barbados during 1980, 1976, 1967, and 1966 in 
relation to phytoplankton cell counts, as an initial test of our 
proposed food web link between Fe-starved cyanophytes and 
N-starved dinoflagellates in coastal waters off western Florida. 
Finally, we consider interannual variation of helicopter sight- 
ings of the cyanophytes, of July-December abundances of G. 
breve, and of July stocks of Barbados dust over different record 
lengths during 1957-1998. 
2.2. Plankton Time Series 
The most extensive set of plankton data consists of micro- 
scopic enumeration of G. breve and T. erythraeum populations 
obtained by both the U.S. Fish and Wildlife Service (USFWS) 
and the Florida Fish and Wildlife Conservation Commission 
(FWCC) at 25-30 stations (all nearshore symbols of Figure 1) 
within 9 km of the west Florida coast, from off Cedar Key 
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(29ø09'N) to near Cape Romano (25ø54'N), during 1957-1998. 
The USFWS and FWCC assessments of red tides were based 
on live counts of G. breve under x45-54 magnification of -6 
mL aliquots [Dragovich et al., 1961; Steidinger and Williams, 
1970]. 
When cyanophyte counts of trichome abundances were un- 
available but aircraft/helicopter surveys provided qualitative 
assessments of their heavy and light abundances, we assigned 
respective stocks of 1 x 10 s and 2 x 10 6 cells L- • (Figure 3) 
on the basis of concurrent shipboard and aerial data. An adap- 
tive sampling mode was used by FWCC in which daily obser- 
vations were made when and where red tides stranded once 
dead fish washed ashore to suggest the presence of brevetoxins. 
To deal with such patchiness of both samples and red tides, we 
simply sum the alongshore abundances of G. breve cells each 
day, presenting the weekly mean of these integrals in Figure 3. 
During 1976, surface samples at longer 2 week intervals were 
taken along cross-self sections of six stations out to the 40 m 
isobath (pentagons of Figure 1). Live counts were then made 
of G. breve, other dinoflagellates, Trichodesmium, diatoms, mi- 
croflagellates, and ciliates in relation to tenlperature, salinity, 
chlorophyll stocks, and inorganic suspended matter. In the 
Hourglass study of 1966-1967 [Steidinger and Williams, 1970] 
the same live counts were made at even greater monthly in- 
tervals over three depths of two sets of stations at the -40, 
-25, and -5 m isobaths (open triangles of Figure 1), with 
additional determination of the abundance of copepod nauplii. 
The data of this time series are presented as the means over 
the water column of the paired stations at these isobaths, 
except for the cyanophyte stocks, which are means of just the 
surface data. 
Finally, during 1972-1974 at coarse approximately bi- 
monthly intervals, estimates of total zooplankton abundance 
over the same inner-shelf region were obtained [Houde and 
Chitty, 1976] from Bongo net hauls at -20 stations between the 
50 m isobath and the coast, from off Clearwater (28øN) to near 
Naples (26øN). Another time series of net-caught zooplankton 
biomass at monthly intervals is available from one station 
above the 30 m isobath of the Florida Middle Ground (plus of 
Figure 1) during 1969-1970 [Austin and Jones, 1974]. During 
FWCC cruises in March, August, and October 1992 the feed- 
ing preferences of the dominant copepods were studied [Klep- 
pel et al., 1996]. At very high spatial resolution a combined 
optical and net sampling system also provided an assessment of 
zooplankton abundances during September 1998 within a 90 
km section taken off Sarasota between the 10 and 50 m iso- 
baths [Sutton et al., 2001]. 
2.3. Simple Growth Model 
A Lagrangian formulation of the population dynamics of 
both T. erythraeum (P•) and of G. breve (P2) is described by 
OPi/Ot = #iPi- ½iPi- 'YiPi- O/OzwiPi, (1) 
where the respective loss terms are respiration (and equivalent 
DON excretion in the case of the cyanophytes), grazing, and 
sinking instead of lateral mixing [Kierstead and Slobodkin, 
1953]. The first term is gross photosynthesis (and nitrogen 
fixation of the cyanophytes), while uptake of DON and DOP 
by the dinoflagellates, like that of PO 4 by the diazotrophs, is a 
function of net photosynthesis to maintain Redfield ratios 
[Walsh, 1996]. 
Since Trichodesmium spp. [Villareal and Carpenter, 1990] and 
G. breve (Figure 4) exhibit upward movements, the sinking loss 
of the last term of (1) is considered negligible. The respective 
gross growth rates #•,2 are 0.70 and 0.25 d- • and the respira- 
tion rates •,2 are 0.35 and 0.05 d-•; only the results are shown 
when the grazing rates •/•,2 are zero. During the 1980 analysis 
we predict the stocks of the two phytoplankton groups forward 
in time; for the 1957-1998 time series we predict backward to 
estimate the date of initiation of red tides (solid hemispheres 
of Figure 3). 
3. Results 
3.1. Daily Time Series: 1980 
A mean Trichodesmium population of 25,000 trichomes L-•, 
or an abundance of2.5 x 10 6 cells L -• (assuming [Carpenter 
and Romans, 1991] 100 cells trichome-•), was observed within 
surface waters of 3 FWCC red tide stations off Charlotte 
County (open circles of Figure 1) on July 7, 1980, at optimal 
temperatures of >29øC. An earlier Saharan dust event of ->5 
/•g m -3 of mineral aerosols was found on June 21-30, 1980 
[Carder et al., 1991], similar to those measured at Miami in 
1982-1983 [Prospero et al., 1987]. This cyanophyte stock is 
equivalent to a pigment biomass of -3.0/•g chl L -• (Figure 5) 
at their cellular amounts of 1.2 x 10 -6/•g chl cell -• [Borstad, 
1982]. 
These light-adapted phytoplankton have a C/chl ratio of 
-200 [Carpenter and Roenneberg, 1995] and a molar C/N ratio 
of -6 [McCarthy and Carpenter, 1979; Carpenter et al., 1987], 
such that their PON/chl ratio is -2.8, compared to that of 0.4 
assumed for G. breve. An iron requirement of-18 nmol Fe 
kg -•, from a PON/chl ratio of 2.8 and N/Fe ratio of 465, could 
have then been met during shoreward transit from mainly 
offshore iron stocks like those either measured in 1999 [Lenes 
et al., 2001] or computed during 1982-1983. In a Redfieldian 
world [Walsh, 1996] the >0.60 tzmol PO 4 q- DOP kg -• on the 
West Florida shelf in June 1999 would also yield at least 3.3/•g 
chl L -• of Trichodesmium, without having to invoke vertical 
migration [Karl et al., 1992] during onshore transport. 
The maximal gross growth rate may be only -0.70 d -• for 
Trichodesmium [Carpenter and Roenneberg, 1995], compared to 
-1.4 d -• for microflagellates and diatoms in prior models of 
the Gulf of Mexico and the Carribean Sea [Walsh et al., 1989, 
1999]. These cyanophytes and the slower growing dinoflagel- 
lates would thus be at a competitive disadvantage if the other 
phytoplankton groups had access to either N 2 or DON. More- 
over, their 50% respiration/excretion losses of C/N suggest that 
the net population growth rate of cyanophyte particulate mat- 
ter might instead be -0.35 d -• under no limitation and neg- 
ligible grazing losses. 
Such computed exponential increments of T. erythraeum 
stock do fit the biomass observations (solid and open circles, 
respectively, of Figure 5) off Charlotte County during the 
longer Saharan dust event (>5.0/•g m -3 of aerosols) ampled 
at Miami on June 21-30, 1980. Our simple growth model 
suggests that these diazotroph population changes might be 
attributed to local unlimited growth in response to iron fertil- 
ization. Note that a progressive vector diagram of near-surface 
wind velocities at the Tampa airport (as well as at Sarasota nd 
Fort Myers, Florida; not shown) shows steady southwesterly 
winds prevailed during this second dust event (Figure 6). 
The nearshore time series (Figure 5) thus presumably sam- 
pled the history of successive offshore surface Lagrangian pop- 
ulations, as they were advected onshore past the sampling sites 
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Figure 4. The vertical distributions of (a) temperature (øC), (b) phosphate (•mol kg-•), and (c) estimated 
biomass (•g chl L -•) of G. breve during October 2-3, 1986, above the 20 m isobath of the West Florida shelf. 
under such wind forcing [Yang and Weisberg, 1999; Yang et al., 
1999]. The decline in cyanophyte biomass after July 7, 1980, 
under renewed onshore winds may be due to cessation of 
Saharan iron supply rather than to phosphorus limitation. Cir- 
culation models suggest hat the Trichodesmium populations 
would then have been retained within the nearshore waters, 
receiving summer estuarine influxes of phosphorus. 
With a mean Trichodesmium biomass of just 1.1 •g chl L -• 
over June 20 to July 14, 1980 (Figure 5), a 50% daily loss of 
their nitrogen fixation as excretion (0.35 d -• x 1.1 •g chl 
L -• x 2.8/.rmol PON/.rg chl-•), i.e., ---1.1 /.rmol DON kg -• 
d -•, would yield a cumulative r lease of 27.0 •mol DON kg -• 
over the nearshore water column during the 25 day period. Full 
utilization of the cyanophyte-released DON by a red tide 
within the upper 5 m, where 10% of the iron of Saharan dust 
was previously assumed to dissolve, would then lead to a G. 
breve accumulation there of 67.5 •g chl L -• on July 14 if all of 
the other dinoflagellates were either selectively grazed [Kleppel 
et al., 1996] or poisoned [Freeberg etal., 1979] and no ammoni- 
fying bacteria were present. 
The mean G. breve stock of 1.9 x 10 6 cells L -• on July 21 
1980 (Figure 5), is equal to 19/.rg chl L -• at cellular amounts 
of 1.0 x 10 -s /.rg chl cell -• for both cultures [Shanley and 
Vargo, 1993] and field populations in October 1976 (Figure 7). 
Thus ---72% of the computed release of DON in our simple 
model could have been diverted to the microbial web and other 
phytoplankton; alternatively, nitrogen fixation may not have 
been at the maximal rate during the last week of July 7-14, 
1980. In any case, a maximal net growth rate of ---0.20 d -•, at 
the same optimal temperatures as for Trichodesmium [Stei- 
dinger et al., 1998], by G. breve provides another exponential fit 
to most of the red tide observations during June-July 1980 
(solid and open squares of Figure 5), suggesting that their 
nitrogen supplies were then adequate. 
Like the cyanophytes [Guo and Tester, 1994], red tides are 
thought to be unpalatable to most grazers, such that only 
respiration losses may usually apply to this toxic group in (1), 
unless no other phytoplankton are present [Turner and Tester, 
1997]. In contrast, their dinoflagellate competitors are readily 
eaten by copepod herbivores on the West Florida shelf, where 
summer-fall diets of the macrozooplankton contain greater 
percentages of dinoflagellates than those in the sea, implying 
selective feeding [Kleppel et al., 1996]. We shall find that these 
nontoxic, faster growing dinoflagellates, with a net growth rate 
of ---0.60 d- • at 25øC, actually precede G. breve in response to 
release of DON by the cyanophytes (Figures 7 and 9). 
The simple model yields computed stocks of 1.0 x 10 6 cells 
L -• on July 25, 1.0 x l0 s cells L -• on July 14, 1.0 x 10 4 cells 
L -• on July 2, and 1.0 x 10 3 cells L -• on June 21, i.e., back- 
ground levels of 0.01 /.rg chl L -• of G. breve when the major 
dust event began (Figure 5). At this time, T. erythraeum pre- 
sumably initiated exponential growth and released DON, as 
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Figure 5. Mean observed (open symbols) and computed 
(solid symbols) daily biomasses (/•g chl L -•) at the surface of 
the nitrogen fixer T. erythraeum (open and solid circles) and 
the toxic dinoflagellate G. breve (open and solid squares) 
within •--5 km of the west coast of Florida at three sampling 
sites off Charlotte/Lee Counties (•--26ø40'N-26ø55'N) in rela- 
tion to Saharan dust (striped columns) events (>5.0/•g m -3 of 
mineral aerosols) observed during June 10 and 21-30, 1980, at 
Miami (25ø45'N). Cell counts were converted to biomass, as- 
suming 1.2 x 10 -6/•g chl cell- • for the former and 1.0 x 10 -s 
/•g chl cell -] for the latter. 
observed in 1999 [Lenes et al., 2001], while herbivores grazed 
on the other dinoflagellates. Macrozooplankton biomass on 
the West Florida shelf during June-November is usually ten- 
fold that of February-March [Austin and Jones, 1974; Houde 
and Chitty, 1976], such that increased and selective grazing 
pressure on nontoxic dinoflagellates would allow slow summer 
accumulation of G. breve in both the "real world" and our 
model. During August 1969 on the Florida Middle Ground 
(plus of Figure 1), however, zooplankton abundance was low, 
tenfold less than that found at some stations there in August 
1973, such that no red tide occurred in 1969, compared to 
those found in 1973 and 1980 (Figure 3). 
Upwelling favorable winds on July 19-21, 1980 (Figure 6), 
would have advected the coastal populations offshore in the 
surface Ekman layer [Yang and Weisberg, 1999; Yang et al., 
1999], leading to an export of the nearshore red tide, as seen by 
concurrent Coastal Zone Color Scanner (CZCS) imagery (F. 
Muller-Karger, personal communication, 2000). When on- 
shore wind forcing resumed on July 25, 1980 (Figure 6), the 
nearshore time series recorded another population increment 
of G. breve (Figure 5), but a smaller net growth rate of 0.10 d -• 
for these dinoflagellates now fits the August observations, sug- 
gesting nitrogen limitation once more. 
Since G. breve has the ability [l/argo and Shanley, 1985; I/argo 
and Howard-Shamblott, 1990] to utilize DOP efficiently like 
Trichodesmium [Yentsch et al., 1972], the stocks of just organic 
phosphorus (•--40% of DOP + PO4) in coastal waters off 
central Florida are sufficient to meet the daily demands of G. 
breve at population levels of up to ---6.5/•g chl L -• [Steidinger 
et al., 1998]. Indeed, during an October 1986 red tide of a mean 
•--13/•g chl L- • of G. breve above the 20 m isobath (Figure 4c), 
as much as 0.30/•mol PO 4 kg- • were still found (Figure 4b) 30 
km off the Florida coast (solid diamond of Figure 1) at unde- 
tectable amounts of nitrate and ---10 /•g chl L -• of the co- 
occurring nitrogen fixers. Note, again, the large red tide along 
the central west coast of Florida during 1986, as well as in 1980 
(Figure 3). 
3.2. Biweekly Time Series: 1976 
How often do such cyanophyte blooms precede ones of toxic 
dinoflagellates at midshelf, where the phosphorus upplies may 
not support large biomass of both phytoplankton groups as in 
coastal waters? During 1976, surface samples at longer 2 week 
intervals of cross-self sections, taken out to the 40 m isobath, 
again indicated that populations of T. erythraeum occurred 
earlier than those of G. breve (Figure 7a), as in 1980 (Figure 5). 
Although Saharan dust samples were not collected at Miami 
before June during 1976, the winter-spring amounts of mineral 
aerosols in January-May of other years sum [Prospero, 1999b] 
to only 15% of the annual dust loading (Figure 8a). Thus little 
iron was evidently available to the first spring population of T. 
erythraeum, such that only a small red tide of G. breve was 
found nearshore during May 1976, in response to the seasonal 
onset of downwelling favorable winds from the south (Figure 
7b), i.e., onshore surface flows during the previous April. 
No increment of other dinoflagellate abundance (Figure 7c) 
was associated with the first cyanophyte bloom in 1976 as well. 
Note that during the massive amounts of Trichodesmium off St. 
Petersburg Beach in May 2000, no red tide co-occurred, at a 
time when the dissolved iron stocks on the outer West Florida 
shelf were -<0.2 nmol Fe kg -• [Lenes et al., 2001]. 
Since rainfall peaks during summer on the southwest coast 
of Florida (Figure 7b and 8b), wet deposition of mineral aero- 
sols would also be favored after June 1976. A July combination 
of greater dust loading, larger rain fall, and mainly onshore 
surface flows led to both a second summer population of T. 
erythraeum by early August 1976 (Figure 7a) and a tenfold 
increment of other dinoflagellates (Figure 7c), preceding the 
fall red tide of G. breve. As in 1980 (Figure 5), a daily threshold 
of ---5/•g m -3 of mineral dust at Miami (Figure 7a), or ---12.5 
/•g m -• at Barbados closer to the Saharan source, seems to 
provide sufficient iron for cyanophyte-induced red tides of G. 
breve. On the basis of the regression of offshore iron stocks on 
the West Florida shelf and monthly total dust at Miami during 
June-October 1999, 5/•g dust m -3 -•0.5 nmol Fe kg --•, which 
approximates our estimate of kFe for Trichodesmium. 
Note that a short July upwelling event fostered a brief sur- 
face diatom bloom, curtailed by either inadequate supplies of 
nitrate, e.g., Figure 2c, and/or selective grazing again by her- 
bivores. During a spring bloom of diatoms from estuarine 
nutrient sources on the West Florida shelf in March 1992 
[Gilbes et al., 1996] this siliceous group constituted ---20-60% 
of the diets of the dominant copepods, compared to •--10-30% 
of the available food [Kleppel et al., 1996]. During October 
1992 the copepods then selected other dinoflagellates at mid- 
shelf during a red tide of G. breve along the coast (Figure 3), 
with, again, a diet of---35-65% dinoflagellates, compared to a 
food choice of •--25-30%. 
When upwelling favorable winds from the north provided 
offshore flows in the surface Ekman layer over the rest of 
August and most of September 1976, however, the populations 
of both N2-fixing cyanophytes and nontoxic/toxic DON- 
utilizing dinoflagellates dispersed to low background levels 
(Figure 7). A diatom bloom did not occur then, suggesting that 
the selective grazing pressure, which allows G. breve to out- 
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compete other faster growing dinoflagellates, must have re- 
moved siliceous rivals as well. With return of onshore flows in 
early October 1976 a red tide of G. breve was finally found both 
above the 15 m isobath (Figure 7a) and along the coast (Figure 
3) until northeasterly winds purged the littoral zone once 
more. 
The sum of July rainfall at Fort Myers was similar in 1976 
and 1980 (15.5 versus 17.8 cm month-1), as were the means of 
Miami dust [Prospero, 1999b] that month (15 versus 18/.rg m -3, 
i.e., equivalent to ---38.7 and 45.0/.rg m -3 off Barbados) and 
the subsequent weekly maxima of red tides (Figure 3) along 
the coast (3.2 x 10 6 versus 1.8 x 10 6 cells l-Z). However, are 
these just anomalous years, or do the first and second time 
series represent the normal sequence of red tide initiation, 
stranding, and dispersal? 
3.3. Monthly Time Series: 1966-1967 
Dust data were not collected in Miami during 1966-1967; 
we thus use the Barbados data set [Prospero and Nees, 1986] as 
a proxy (Figures 9a and 9c). During June 1967 dust events the 
presence of T. erythraeum was qualitatively noted at the Hour- 
glass stations (Figure 9c). Cell counts in the previous year 
(Figure 9a) suggested that the population levels of the cyano- 
phytes could have been the same as those in 1976 (Figure 7) 
and 1980 (Figure 5). The abundances of copepod nauplii were 
more than tenfold larger in 1967 (Figure 9d) than in 1966 
(Figure 9b), indicating greater reproductive success of the 
adults in the second year. Furthermore, the stocks of other 
dinoflagellates were tenfold less in July 1967, and large red 
tides of G. breve ensued during October both in offshore wa- 
ters (Figures 9c) and along the coast (Figure 3). 
In contrast, after a smaller June 1966 pulse of dust, high 
stocks of T. erythraeum were associated only with a bloom of 
other dinoflagellates (Figure 9b), but not of G. breve (Figure 
9a). The copepod nauplii were then <102 L -z and thus also 
not plotted in Figure 9b, while a small red tide was found in 
October 1966 (Figure 3). The equivalent June dust loadings in 
the eastern Gulf of Mexico would have been monthly means of 
--•3.3 tzg m -3 in 1966 and of --•6.9 tzg m -3 in 1967. Clearly, 
more iron of perhaps --•0.7 nmol Fe kg -z was available to the 
cyanophytes during 1967 than in 1966 (--•0.3 nmol Fe kg-Z). 
Similar to the small red tide in April 1976, the small one in 
1966 may have been both indirectly iron-limited and directly 
grazer-controlled, as suggested by the differences in copepod 
abundances during the 2 years of Hourglass observations. For 
example, off Sarasota, Florida, in the same shelf region during 
September 1998 the maximum estimate of grazing demands by 
crustaceans between the 10 and 50 m isobaths would have 
consumed --•14% of the primary production [Sutton et al., 
2001], perhaps allowing the faster growing other dinoflagel- 
lates to bloom, as in 1967 and 1976 (Figures 7 and 9). Again, 
a small red tide was observed in 1998 (Figure 3). Finally, 
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Figure 7. The monthly surface abundances (10s cells L -z) of T. erythraeum (dashed line) and G. breve (solid 
line) along offshore sections ofsix stations ( olid circles) from Tampa nd Sarasota Bays (•--27ø20'-27ø40'N) 
to the 40 m isobath during 1976 in relation to the daily sampling of (a) Saharan dust (•g m -3) at Miami 
(dotted line) and (b) both rainfall (dotted line) accumulation (mm) and upwelling/downwelling favorable 
winds (m s -z) at Fort Myers Page Field (26ø35'N) and (c) the monthly abundances (i0 cells L-z) of the sums 
of both other unarmored and armored dinoflagellates and of centric and pennate diatoms. 
during May 1972 and 1974 the nearshore zooplankton popu- 
lations were fivefold to tenfold less than those of 1973 [Houde 
and Chitty, 1976], and once more, small red tides were found in 
the fall of 1972 and 1974, compared to 1973. 
3.4. Annual Time Series: 1957-1998 
During the past 42 years, 28 red tides of >1 x 10 4 cells L -z 
of the alongshore integral of G. breve populations were found 
during mainly summer-fall at stations along the central west 
Florida coast (Figure 1). At population levels of >5 x 103 cells 
L -z the shellfish beds are closed. The winter occurrences of G. 
breve in 1968, 1974, 1982, 1984, 1989, 1995, and 1996 are 
considered persistent fall blooms of the preceding year (Figure 
3), trapped near the coast by circulation patterns of alternating 
southerly and northerly flows, as observed in 1996 [Yang et al., 
1999]. In contrast, during other years of 1972, 1976, 1980, 1987, 
and 1994 the fall blooms were instead exported to the east 
coast of Florida [Murphy et al., 1975; Tester et al., 1991], as in 
1999. The nonevents of no red tides found during 1960-1964 
and 1969-1970 are not shown in Figure 3. 
As sighted by aircraft, helicopters, and ships after 1957, the 
cyanophytes co-occurred along the coast each year (Figure 3) 
during at least 87% of the 16 larger red tides, i.e., when the 
alongshore weekly integral of G. breve abundance exceeded a 
value of 1 x 10 6 cells L- • over the 42 year record. During the 
most recent red tide of >3 x 10 6 cells L -z in October 2000, 
large populations of Trichodesmium co-occurred as well (C. 
Heil, personal communication, 2000). 
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Figure 8. The monthly values of (a) Saharan dust at Miami 
(/•g m -3) and (b) rainfall (cm) at Venice during 1992-1996. 
On the basis of the initial growth rate of the 1980 red tide 
(Figure 5), 20 of these 28 red tides first formed during ---June- 
August, when 71% of the annual Saharan dust loading arrives 
at Miami [Prospero, 1999b] and 47% of the annual rainfall 
occurs at Tampa and Fort Myers. Furthermore, 15 of the 16 
larger red tides were initiated during these months (Figure 3). 
Were other red tides undetected by the FWCC adaptive sam- 
pling network within ---10 km of the west coast of Florida? 
Over a 5 year period of 1992-1996, red tides did not strand 
within this region during 1993 and 1996; they may have been 
offshore and thus not sampled. Of these years, however, July 
rainfall at Venice (between Fort Myers and Tampa) was ---10 
cm month -• in 1993 and 1996 (Figure 8b), when Saharan dust 
was >15/xg m -3 at Miami (Figure 8a). Under the same dust 
loading and rain accumulations of >20 cm month -•, red tides 
instead formed during both 1994 and 1995 (Figure 3). Thus 
sufficient rainfall, as well as Saharan dust, must be present for 
wet deposition of particulate iron [Prospero et al., 1987], but 
considering the poor correlation between past precipitation 
events and red tides [Feinstein, 1956], other biotic factors must 
also be important. 
4. Discussion 
A scatter diagram (Figure 10) of July dust at Barbados in 
relation to cumulative stocks of G. breve along the central west 
Florida coast (Figure 3) during July-December each year ex- 
hibits threshold phenomena, as suggested for the initiation of 
red tides of Gymnodinium catenatum within Australian waters 
[Hallegraeffet al., 1995]. Below a monthly mean of 12.5 p•g m -3 
of Barbados July dust, i.e., •5 p•g m -3 of equivalent Miami 
dust, or 0.5 nmol Fe kg -• found on the outer part of the west 
Florida shelf, for example, few red tides are observed off the 
Florida coast. 
Over the full Barbados range of 4.1-42.5 p•g m -3 of July 
dust, however, red tides are still not found near the coast 
during some years, such that Saharan iron loading and rainfall 
are necessary but not sufficient initial conditions. Seeding of T. 
erythraeum on the West Florida shelf is associated with Loop 
Current intrusions, carrying populations from upstream re- 
gions via the Brazil and Yucatan Currents, i.e., from the South 
Atlantic [Calef and Grice, 1966] and Carribean Sea [Hulburt, 
1968]. On average, the Loop Current is within the DeSoto 
Canyon region at --•30øN about 5-10% of the time [Vukovich 
and Hamilton, 1989], i.e., 1 month of the year, when wet dep- 
osition of Saharan dust loadings must also occur to yield the 
red tides found there. 
For example, during 1964, no red tide was found at the 
standard monitoring stations (Figure 1) by either USFWS 
[Dragovich and Kelly, 1966] or FWCC [Steidinger et al., 1967]. 
Yet that year a large bloom occurred within Apalachee Bay, as 
during 1974 and 1982. These rare events represent 7% of the 
42 year record (Figure 3), i.e., the same frequency as the Loop 
Current in the northern Gulf of Mexico. Another red tide just 
occurred there in 1999, when AVHRR, Sea-viewing Wide 
Field-of-View Sensor (SeaWiFS), and TOPEX imagery all 
showed deep penetration of the Loop Current; this red tide 
was also associated with local stocks of Trichodesmium (G. 
Kirkpatrick, personal communication, 2000). 
At the edge of shelf south of Tampa Bay the Loop Current 
is instead present 30-35% of the time at 27øN [Vukovich and 
Hamilton, 1989], providing cyanophyte seed populations more 
frequently. Recall that 16 large red tides, or 38% of the total 42 
year record (Figure 3), were instead observed off central Flor- 
ida. In addition to cyanophyte precursors of a red tide, the 
other biotic factor is selective grazing on their competitors. 
During at least 1966, 1969, 1972, 1974, and 1998, when red 
tides were absent or minimal within this nearshore sampling 
region (Figure 1), low grazing stress may have allowed other 
dinoflagellates to compete successfully against G. breve for the 
DON of cyanophyte origin. Once a red tide is initiated and 
moved onshore to the sampling sites (Figure 3), however, the 
amount of dust (iron) loading in July then appears to deter- 
mine how large a yield of toxic dinoflagellates may prevail from 
July to December (Figure 10) within phosphorus replete wa- 
ters. 
We made no detailed statistical analyses ince past attempts 
to correlate red tides with abiotic factors were fruitless exer- 
cises. Little correlation of G. breve variance was found with 
hurricanes and/or rainfall [Feinstein, 1956], salinity [Chew, 
1956], inorganic nutrients [Rounsefell and Dragovich, 1966] and 
estuarine iron stocks [Ingle and Martin, 1971; Kim and Martin, 
1974], without consideration of biotic factors. 
We are content to conclude from these four sets of time 
series in 1980, 1976, 1966-1967, and 1957-1998 that the like- 
lihood of a large, long red tide at the shoreline emerges from 
a sequence of conditional probabilities of (1) summer Saharan 
dust events, (2) sufficient rainfall, (3) dissolution of aeolian 
iron, (4) seed stocks of both T. erythraeum and G. breve, (5) 
release of DON to all dinoflagellate competitors, (6) selective 
grazing stress on other dinoflagellates as well as diatoms, and 
(7) onshore flows to complete landfall. 
The origin of small red tides is more enigmatic, reflecting 
possible additional sediment and estuarine sources of DON. 
During the small red tide of December 1998 (Figure 3) the 
/5•SPON of --•5/xg chl L -• of G. breve at the 15 m isobath was 
+4.8%0, compared to either +0.3%0 for Trichodesmium- 
dominated populations, fixing atmospheric nitrogen at the 
shelf break, or +7.3%o for diatoms above the 30-40 m iso- 
baths, after depletion of nitrate supply from a Loop Current 
intrusion. The intermediate isotopic value of the red tide may 
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copepod nauplii (10 L- of the solid line) are also shown for (b) 1966 and (d) 1967. 
reflect a •SN-enriched DON substrate, compared to a Tr/- 
chodesmium source, produced presumably by bacterial pro- 
cessing. 
We are aware of no $•sPON data for bacteria growing on 
DON, but like phytoplankton, they prefer the lighter isotope of 
•4N such that their nitrification leads to larger $•N of the 
ammonium substrate [Mariotti et al., 1984; Horrigan et al., 
1990], while denitrification also yields larger values of the re- 
maining NO3 [Cline and Kaplan, 1975]. During catabolism of 
phytoplankton (PON --> DON --> NH 4 --> NO 3 --> N2) the 
bacteria may behave like zooplankton [see Checkley and 
Entzeroth, 1985] by recycling DON to •4N-enriched NH4 but 
leaving behind some •SN-enriched DON, i.e., perhaps the urea 
favored by red tides on the West Florida shelf. 
Unfortunately, the reprocessed DON of Trichodesmium or- 
igin may not have a unique isotopic signal since estuarine 
detritus also has a $•sPON of + 1.1 to +2.9%, [Walsh, 1994]. If 
the estuarine $•SDON has the same value as the detritus and is 
palatable to bacteria [Gardner et al., 1996], G. breve may utilize 
this humic source of organic nitrogen as well [Carlsson and 
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Graneli, 1993], yielding a similar 15N/14N ratio for their red 
tides. Moreover, within other subtropical habitats, pristine 
beds of sea grasses and mangroves have 815PON of +1.6 to 
+2.5%0 [O'Donohue et al., 1998; Cotbert et al., 1999] derived 
from nitrogen fixation by symbiont bacteria in sediments such 
that these macrophytes may provide yet another source of 
labile DON for G. breve of intermediate 815PON. 
We are now coupling more complex versions of (1) to phys- 
ical circulation models at 1-10 km resolution of the West 
Florida shelf with Princeton Ocean Model (POM) to explore 
the seasonal onshore transport of both T. erythraeum and G. 
breve [Walsh et al., 2001], as well as their retention and fate 
along the coast during upwelling and downwelling events. Sim- 
ilarly, the biotic details [Penta, 2000] of the toxic consequences, 
of the bio-optical signals, and of the biogeochemical implica- 
tions of such a coastal food web response to iron alleviation of 
nitrogen limitation are now the respective subjects of our Na- 
tional Oceanic and Atmospheric Administration (NOAA)- 
Environmental Prediction Agency (EPA) ECOHAB:Florida, 
Office of Naval Research (ONR) Hyperspectral Coastal Ocean 
Dynamics Experiment (HyCODE), and NASA Synthesis, 
Modeling, and Prediction (SMP) field projects on the West 
Florida shelf. 
Acknowledgments. This analysis was funded by grants NAG5-6449 
from NASA, NA76RG0463 and NA96OP0084 from NOAA, 
N000149615024 and N000149910212 from ONR to JJW, and R 
827085-01-0 from the EPA to KAS. The state of Florida supported 
JJW and KAS as well. Joe Prospero supplied the unpublished ust data 
of Figure 7, Bev Roberts made most of the cell counts in Figure 3, and 
Carm Tomas provided the nutrient data of Figure 4. We also thank our 
colleagues in the ECOHAB:Florida, HyCODE, and SMP projects for 
many ideas, other data sets, and discussions. In particular, Paul Bissett 
and Gabe Vargo made insightful comments on the original manu- 
script, as did Joe Prospero. This is ECOHAB contribution 13. 
References 
Anderson, D. M., Bloom dynamics of toxic Alexandrium species in the 
northeastern U.S., Limnol. Oceanogr., 42, 1009-1022, 1997. 
Austin, H. M., and J. I. Jones, Seasonal variation of physical oceano- 
graphic parameters on the Florida Middle Ground and their relation 
to zooplankton biomass on the West Florida Shelf, Fla. Sci., 37, 
16-32, 1974. 
Baden, D. G., and T. J. Mende, Amino acid utilization by Gymno- 
dinium breve, Phytochemistry, 18, 247-251, 1979. 
Balch, W. M., An apparent lunar tidal cycle of phytoplankton bloom- 
ing and community succession in the Gulf of Maine, J. Exp. Mar. 
Biol. Ecol., 55, 65-77, 1981. 
Borstad, G. A., The influence of the meandering Guiana Current on 
surface conditions near Barbados: temporal variations of Trichodes- 
mium (Cyanophyta) and other plankton, J. Mar. Res., 40, 435-452, 
1982. 
Brand, L. E., Minimum iron requirements of marine phytoplankton 
and the implications for the biogeochemical control of new produc- 
tion, Limnol. Oceanogr., 36, 1756-1771, 1991. 
Calef, G. W., and G. D. Grice, Relationship between the blue-green 
alga Trichodesmium thiebautii and the copepod Macrosetella gracilis 
in the plankton off northeastern South America, Ecology, 47, 855- 
856, 1966. 
Capone, D. G., and E. J. Carpenter, Nitrogen fixation in the marine 
environment, Science, 217, 1140-1142, 1982. 
Carder, K. L., and R. G. Steward, A remote-sensing reflectance model 
of a red-tide dinoflagellate off west Florida, Limnol. Oceanogr., 30, 
286-298, 1985. 
Carder, K. L., W. W. Gregg, D. K. Costello, K. Haddad, and J. M. 
Prospero, Determination of Saharan dust radiance and chlorophyll 
from CZCS imagery, J. Geophys. Res., 96, 5369-5378, 1991. 
Carlsson, P., and E. Graneli, Availability of humic bound nitrogen for 
coastal phytoplankton, Estuarine Coastal Shelf Sci., 36, 433-447, 
1993. 
Carpenter, E. J., Nitrogen fixation by marine Osciilatoria (Trichodes- 
mium) in the world's oceans, in Nitrogen in the Marine Environment, 
edited by E. J. Carpenter and D. G. Capone, pp. 65-103, Academic, 
San Diego, Calif., 1983. 
Carpenter, E. J., and T. Roenneberg, The marine planktonic cya- 
nobacterium Trichodesmium spp.: Photosynthetic rate measure- 
ments in the SW Atlantic Ocean, Mar. Ecol. Prog. Ser., 118, 267-273, 
1995. 
Carpenter, E. J., and K. Romans, Major role of the cyanobacterium 
Trichodesmium in nutrient cycling in the North Atlantic Ocean, 
Science, 254, 1356-1358, 1991. 
Carpenter, D. J., M. I. Scranton, P. Novelli, and A. Michaels, Validity 
of N 2 measurements in marine Oscillatoria (Trichodesmium), J. 
Plankton Res., 9, 1047-1056, 1987. 
Checkley, D. M., and L. C. Entzeroth, Elemental and isotopic frac- 
tionation of carbon and nitrogen by marine, planktonic copepods 
and implications to the marine nitrogen cycle, J. Plankton Res., 7, 
553-568, 1985. 
Chew, F., On the offshore circulation and a convergence mechanism in 
the red tide region off the west coast of Florida, Trans. Eos AGU, 35, 
963-974, 1955. 
Chew, F., A tentative method for the prediction of the Florida red tide 
outbreaks, Bull. Mar. Sci., 6, 292-304, 1956. 
Cline, J. D., and I. R. Kaplan, Isotopic fractionation of dissolved 
nitrate during denitrification in the eastern tropical North Pacific 
Ocean, Mar. Chem., 3, 271-299, 1975. 
Codispoti, L. A., Phosphorus versus nitrogen limitation of new and 
export production, in Productivity of the Ocean: Past and Present, 
edited by W. H. Berger, V. S. Smetacek, and G. Wefer, pp. 377-394, 
Wiley-Interscience, New York, 1989. 
Corbett, D. R., J. Chanton, W. Burnett, K. Dillon, and C. Rutkowski, 
Patterns of groundwater discharge into Florida Bay, Limnol. OCean - 
ogr., 44, 1045-1055, 1999. 
Darwin, C., The Voyage of the Beagle, pp. 1-369, Cambridge Univ. 
Press, New York, 1839. 
Davis, C. C., Gymnodinium brevis sp. nov., a cause of discolored water 
and animal mortality in the Gulf of Mexico, Bot. Gaz. (Chicago), 
109, 358-360, 1948. 
deBaar, H. J., A. G. Buma, R. F. Nolting, G. C. Cadee, G. Jacques, and 
P. Treguer, On iron limitation of the Southern Ocean: Experimental 
observations in the Weddell and Scotia Sea, Mar. Biol. Prog. Ser., 65, 
105-122, 1990. 
11,610 WALSH AND STEIDINGER: DUST, CYANOPHYTES, AND RED TIDES 
Dortch, Q., and T. E. Whitledge, Does nitrogen or silicon limit phy- 
toplankton production in the Mississippi River plume and nearby 
regions?, Cont. Shelf Res., 12, 1293-1309, 1992. 
Dragovich, A., and J. A. Kelly, Distribution and occurrence of Gym- 
nodinium breve on the west coast of Florida, 1964-65, U.S. Fish 
Wildl. Serv. Spec. Sci. Rep. Fish., 541, 1-15, 1966. 
Dragovich, A., J. H. Funicane, and B. Z. May, Counts of red tide 
organisms, Gymnodinium breve, and associated oceanographic data 
from Florida west coast, 1957-59, U.S. Fish Wildl. Serv. Spec. Sci. 
Rep. Fish., 369, 1-175, 1961. 
Dragovich, A., J. H. Funicane, J. A. Kelly, and B. Z. May, Counts of 
red tide organisms, Gymnodinium breve, and associated oceano- 
graphic data from Florida west coast, 1960-61, U.S. Fish Wildl. Serv. 
Spec. Sci. Rep. Fish., 455, 1-39, 1963. 
Dragovich, A., J. A. Kelly, and H. G. Goodell, Hydrological and 
biological characteristics of Florida's west coast tributaries, Fish. 
Bull., 66, 463-477, 1968. 
Duce, R. A., and N. W. Tindale, Atmospheric transport of iron and its 
deposition in the ocean, Limnol. Oceanogr., 36, 1715-1726, 1991. 
Duce, R. A., et al., The atmospheric input of trace species to the ocean, 
Global. Biogeochem. Cycles, 5, 193-259, 1991. 
Dunstan, W. M., and J. Hosford, The distribution of planktonic blue- 
green algae related to the hydrography of the Georgian Bight, Bull. 
Mar. Sci., 27, 624-629, 1977. 
Feinstein, A., Correlations of various ambient phenomena with red 
tide outbreaks on the West Florida shelf, Bull. Mar. Sci., 6, 209-232, 
1956. 
Franks, P. J., Spatial patterns in dense algal blooms, Limnol. Ocean- 
ogr., 42, 1297-1305, 1997. 
Franks, P. J., and C. Chen, Plankton production in tidal fronts: A 
model of Georges Bank in summer, J. Mar. Res., 54, 631-651, 1996. 
Fraser, T. H., and W. H. Wilcox, Enrichment of a subtropical estuary 
with nitrogen, phosphorus, and silica, in Estuaries and Nutrients, 
edited by B. J. Watson and L. E. Cronin, pp. 481-498, Humana, 
Clifton, N.J., 1981. 
Freeberg, L. R., A. Marshall, and M. Heyl, Interrelationships of Gym- 
nodinium breve (Florida red tide) within the phytoplankton commu- 
nity, in Toxic Dinofiagellate Blooms, edited by B. Taylor and H. H. 
Seliger, pp. 139-144, Elsevier Sci., New York, 1979. 
Gardner, W. S., R. Benner, R. M. Amon, J. B. Cotner, J. F. Cavaletto, 
and J. R. Johnson, Effects of high-molecular weight dissolved or- 
ganic matter on nitrogen dynamics in the Mississippi River plume, 
Mar. Ecol. Prog. Ser., 133, 287-297, 1996. 
Geesey, M., and P. A. Tester, Gymnodinium breve: Ubiquitous in Gulf 
of Mexico waters?, in Toxic Phytoplankton Blooms in the Sea, edited 
by T. J. Smayda and Y. Shimizu, pp. 251-255, Elsevier Sci., New 
York, 1993. 
Gilbes, F., C. Tomas, J. J. Walsh, and F. E. Muller-Karger, An episodic 
chlorophyll plume on the west Florida shelf, Cont. Shelf Res., 16, 
1201-1224, 1996. 
Glibert, P.M., and D. A. Bronk, Release of dissolved organic nitrogen 
by marine diazotrophic cyanobacteria, Trichodesmium spp., Appl. 
Environ. Microbiol., 60, 3996-4000, 1994. 
Gunther, G., R. H. Williams, C. C. Davis, and F. G. Smith, Cata- 
strophic mass mortality of marine animals and coincident phyto- 
plankton bloom on the west coast of Florida, November 1946 to 
August 1947, Ecol. Monogr., 18, 309-324, 1948. 
Guo, C., and P. A. Tester, Toxic effect of the bloom-forming Tri- 
chodesmium sp. (Cyanophyta) to the copepod Acartia tonsa, Nat. 
Toxins, 2, 222-227, 1994. 
Haddad, K. D., and K. L. Carder, Ocean intrusion: One possible 
initiation mechanism of red tide blooms on the west coast of Florida, 
in Toxic Dinofiagellate Blooms, edited by D. L. Taylor and H. H. 
Seliger, pp. 269-274, Elsevier Sci., New York, 1979. 
Hallegraeff, G. M., M. A. McCausland, and R. K. Brown, Early warn- 
ing of toxic dinoflagellate blooms of Gymnodinium catenatum in 
southern Tasmanian waters, J. Plankton Res., ! 7, 1163-1176, 1995. 
Holligan, P.M., M. Viollier, C. Dupouy, and J. Aiken, Satellite studies 
on the distributions of chlorophyll and dinoflagellate blooms in the 
western English Channel, Cont. Shelf Res., 2, 81-96, 1983. 
Horrigan, S. G., J.P. Montoya, J. L. Nevins, and J. J. McCarthy, 
Natural isotopic composition of dissolved inorganic nitrogen in the 
Chesapeake Bay, Estuarine Coastal Shelf Sci., 30, 393-410, 1990. 
Houde, E. D., and N. Chitty, Seasonal abundance and distribution of 
zooplankton, fish eggs, and fish larvae in the eastern Gulf of Mexico, 
1972-74, NOAA Tech. Rep. NMFS SSRF-701, pp. 1-18, Natl. Oce- 
anic and Atmos. Admin., Silver Spring, Md., 1976. 
Hulburt, E. M., Phytoplankton observations in the western Caribbean 
Sea, Bull. Mar. Sci., 18, 388-399, 1968. 
Ingle, R. M., and D. F. Martin, Prediction of the Florida red tide by 
means of the iron index: Red tide, iron and humic acid levels in 
steams, Environ. Lett., 1, 69-74, 1971. 
Joint, I., J. Lewis, J. Aiken, R. Proctor, G. Moore, W. Higman, and M. 
Donald. Interannual variability of PSP outbreaks on the north east 
UK coast, J. Plankton Res., 19, 937-956, 1997. 
Karl, D. M., R. Letelier, D. V. Hebel, D. F. Bird, and C. D. Winn, 
Trichodesmium blooms and new nitrogen in the North Pacific Gyre, 
in Marine Pelagic Cyanobacteria: Trichodesmium and Other Dia- 
zotrophs, edited by E. J. Carpenter, D. G. Capone, and J. G. Reuter, 
pp. 219-238, Kluwer Acad., Norwell, Mass., 1992. 
Khromov, N. S., Distribution of plankton in the Gulf of Mexico and 
some aspects of its seasonal dynamics, in Soviet-Cuban Fishery Re- 
search, edited by A. S. Bogdanov, pp. 36-56, Isr. Prog. Sci. Trans., 
Jerusalem, 1969. 
Kierstead, H., and L. B. Slobodkin, The size of water masses contain- 
ing plankton blooms, J. Mar. Res., 12, 141-147, 1953. 
Kim, Y. S., and D. F. Martin, Interrelationship of Peace River param- 
eters as a basis of the iron index: A predictive guide to the Florida 
red tide, Water Res., 8, 607-616, 1974. 
King, J. E., A preliminary report on the plankton of the west coast of 
Florida, Q. J. Fla. Acad. Sci., 12, 109-137, 1950. 
Kishi, M., and S. Ikeda, Population dynamics of "red tide" organisms 
in eutrophicated coastal waters: Numerical experiment of phyto- 
plankton bloom in the east Seto Inland Sea, Jpn. Ecol. Model., 31, 
145-174, 1986. 
Kleppel, G. S., C. A. Burkart, K. Carter, and C. Tomas, Diets of 
calanoid copepods on the West Florida continental shelf: Relation- 
ships between food concentration, food composition and feeding 
activity, Mar. Biol., 127, 209-218, 1996. 
Landing, W. M., J. J. Perry, J. L. Guentzel, G. A. Gill, and C. D. 
Pollman, Relationships between the atmospheric deposition of trace 
elements, major ions, and mercury in Florida: The FAMS project 
(1992-1993), Water Air Soil Pollut., 80, 343-352, 1995. 
Lasker, R., and F. G. Smith, Red tide, in Gulf of Mexico: Its Origin, 
Waters, and Marine Life, Fish. Bull., 89, 173-176, 1954. 
Lenes, J. M., B. P. Darrow, C. Cattrail, C. Heil, G. A. Vargo, M. 
Callahan, R. H. Byrne, J. M. Prospero, D. E. Bates, K. A. Fanning, 
and J. J. Walsh, Iron fertilization and the Trichodesmium response 
on the West Florida shelf, Limnol. Oceanogr., in press, 2001. 
Leonard, C. L., C. R. McClain, R. Murtugudde, E. E. Hofmann, and 
L. W. Harding, An iron-based ecosystem odel of the central equa- 
torial Pacific, J. Geophys. Res., 104, 1325-1341, 1999. 
Longhurst, A., Ecological Geography of the Sea, pp. 27-29, Academic, 
San Diego, Calif., 1998. 
Mariotti, A., C. Lancelot, and G. Billen, Natural isotopic compositions 
of nitrogen as a tracer of origin of suspended organic matter in the 
Scheldt estuary, Geochim. Cosmochim. Acta, 48, 549-555, 1984. 
Martin, J. H., R. M. Gordon, S. E. Fitzwater, and W. W. Broenkow, 
VERTEX: Phytoplankton/iron studies in the Gulf of Alaska, Deep 
Sea Res., Part A, 36, 649-680, 1989. 
Masserini, R. T., and K. A. Fanning, A sensor package for the simul- 
taneous determination of nanomolar concentrations of nitrite, ni- 
trate, and ammonia in seawater by fluorescence detection, Mar. 
Chem., 68, 323-333, 2000. 
McCarthy, J. J., and E. J. Carpenter, Oscillatoria (Trichodesmium) 
thiebautii (Cyanophyta) in the central North Atlantic Ocean, J. Phy- 
col., 15, 75-82, 1979. 
McPherson, B. F., R. T. Montgomery, and E. E. Emmons, Phytoplank- 
ton productivity and biomass in the Charlotte Harbor estuarine 
system, Florida, Water Res. Bull., 26, 787-800, 1990. 
Moore, R. M., J. E. Milley, and A. Chatt, The potential for biological 
mobilization of trace elements from aeolian dust in the ocean and its 
importance in the case of iron, Oceanol. Acta, 7, 221-228, 1984. 
Murphy, E. B., K. A. Steidinger, B. S. Roberts, J. Williams, and J. W. 
Jolley, An explanation for the Florida east coast Gymnodinium breve 
red tide of November, 1972, Limnol. Oceanogr., 20, 481-486, 1975. 
Nelson, D. M., and Q. Dortch, Silicic acid depletion and silicon limi- 
tation in the plume of the Mississippi River: Evidence from kinetic 
studies in spring and summer, Mar. Ecol. Prog. Ser., 136, 163-178, 
1996. 
Nelson, J. R., J. E. Eckman, C. Y. Robertson, R. L. Marinelli, and 
WALSH AND STEIDINGER: DUST, CYANOPHYTES, AND RED TIDES 11,611 
R. A. Jahnke, Benthic microalgal biomass and irradiance at the sea 
floor on the continental shelf of the South Atlantic Bight: Spatial 
and temporal variability and storm effects, Cont. Shelf Res., 19, 
477-506, 1999. 
O'Donohue, M. J., C. A. Heil, S. Lowe, J. Horrocks, E.G. Abal, S. 
Costanzo, and W. C. Dennison, Assessing the impact of a flood 
event on Moreton Bay using marine plants as bioindicators of water 
quality, in Moreton Bay and Catchment, edited by I. R. Tibbetts, N.J. 
Hall, and W. C. Dennison, pp. 585-596, Univ. of Queensland, Bris- 
bane, Aust., 1998. 
O'Neil, J. M., P.M. Metzler, and P.M. Glibert, Ingestion of lSN 2- 
1abelled Trichodesmium spp. and ammonium regeneration by the 
harpacticoid copepod Macrosatella gracilis, Mar. Biol., 125, 89-96, 
1996. 
Paerl, H. W., Coastal eutrophication and harmful algal blooms: Im- 
portance of atmospheric deposition and groundwater as "new" ni- 
trogen and other nutrient sources, Limnol. Oceanogr., 42, 1154- 
1165, 1997. 
Paerl, H. W., L. E. Prufert-Bebout, and C. Guo, Iron-stimulated N 2 
fixation and growth in natural and cultured populations of the plank- 
tonic marine cyanobacterium Trichodesmium, Appl. Environ. Micro- 
biol., 60, 1044-1047, 1994. 
Paluskiewicz, T., L. P. Atkinson, E. S. Posmentier, and C. R. McClain, 
Observations of a Loop Current frontal eddy intrusion onto the 
West Florida shelf, J. Geophys. Res., 88, 9639-9651, 1983. 
Penta, B., Phytoplankton competition in the West Florida shelf: A 
simulation analysis with "red tide" implications, Ph.D. dissertation, 
pp. 1-259, Univ. of South Fla., Tampa, 2000. 
Pomeroy, L. R., H. H. Haskin, and R. A. Rogotskie, Observations of 
dinoflagellate blooms, Limnol. Oceanogr., 1, 54-60, 1956. 
Prospero, J. M., Long-range transport of mineral dust in the global 
atmosphere: Impact of African dust on the environment of the 
southeastern United States, Proc. Natl. Acad. Sci., 96, 3396-3403, 
1999a. 
Prospero, J. M., Long-term measurements of the transport of African 
mineral dust to the southeastern United States: Implications for 
regional air quality, J. Geophys. Res., 104, 15,917-15,927, 1999b. 
Prospero, J. M., and R. T. Nees, Impact of the North African drought 
and E1 Nifio on mineral dust in the Barbados trade winds, Nature, 
320, 735-738, 1986. 
Prospero, J. M., R. T. Nees, and M. Uematsu, Deposition rate of 
particulate and dissolved aluminum derived from Saharan dust in 
precipitation at Miami, Florida, J. Geophys. Res., 92, 14,723-14,731, 
1987. 
Prospero, J. M., I. Olmez, and M. Ames, A1 and Fe in PM 2.5 and PM 
10 suspended particles in south-central Florida: The impact of long- 
range transport of African mineral dust, Water Air Soil Pollut., in 
press, 2001. 
Roman, M. R., Ingestion of the blue-green alga Trichodesmium by the 
harpacticoid copepod, Macrosatella gracilis, Limnol. Oceanogr., 23, 
1245-1248, 1978. 
Rounsefell, G. A., and A. Dragovich, Correlation between oceano- 
graphic factors and abundance of the Florida red tide (Gymno- 
dinium breve Davis), 1954-1961, Bull. Mar. Sci., 16, 402-422, 1966. 
Rueter, J. G., Iron stimulation of photosynthesis and nitrogen fixation 
inAnabena 7120 and Trichodesmium (Cyanophyceae), J.Phycol., 24, 
249-254, 1988. 
Rueter, J. G., K. Ohki, and Y. Fujita, The effect of iron nutrition on 
photosynthesis and nitrogen fixation in cultures of Trichodesmium 
(Cyanophyceae), J. Phycol., 26, 30-35, 1990. 
Rueter, J. G., D. A. Hutchins, R. W. Smith, and N. L. Unsworth, Iron 
nutrition of Trichodesmium, in Marine Pelagic Cyanobacteria: Tri- 
chodesmium and Other Diazotrophs, edited by E. J. Carpenter, D. G. 
Capone, and J. G. Reuter, pp. 289-306, Kluwer Acad., Norwell, 
Mass., 1992. 
Saunders, R. P., and D. A. Glenn, Diatoms: Memoirs of the Hourglass 
Cruises, Tech. Ser. Fla. Dep. Nat. Resour. Mar. Res. Lab., 1, 1-119, 
1969. 
Shanley, E., and G. A. Vargo, Cellular composition, growth, photo- 
synthesis, and respiration rates of Gymnodinium breve under varying 
light levels, in Toxic Phytoplankton Blooms in the Sea, edited by T. J. 
Smayda and Y. Shimizu, pp. 831-836, Elsevier Sci., New York, 1993. 
Shimizu, Y., and G. Wrensford, Peculiarities in the biosynthesis of 
brevitoxins and metabolism of Gymnodinium breve, in Toxic Phyto- 
plankton Blooms in the Sea, edited by T. J. Smayda and Y. Shimizu, 
pp. 919-923, Elsevier Sci., New York, 1993. 
Smayda, T. S., Harmful algal blooms: Their ecophysiology and general 
relevance to phytoplankton blooms in the sea, Limnol. Oceanogr., 
42, 1137-1153, 1997. 
Sokolik, I. N., and O. B. Toon, Direct radiative forcing by anthropo- 
genic airborne mineral aerosols, Nature, 381,681-683, 1996. 
Steidinger, K. A., Phytoplankton ecology: A conceptual overview 
based on eastern Gulf of Mexico research, CRC Rev. Microbiol., 3, 
49-68, 1973. 
Steidinger, K. A., and K. Haddad, Biologic and hydrographic aspects 
of red-tides, BioScience, 31, 814-819, 1981. 
Steidinger, K. A., and J. Williams, Dinoflagellates. Memoirs of the 
Hourglass Cruises, Tech. Ser. Fla. Dep. Nat. Resour. Mar. Res. Lab., 
2, 1-251, 1970. 
Steidinger, K. A., J. T. Davis, and J. Williams, Dinoflagellate studies on 
the inshore waters of the west coast of Florida, in Red Tide Studies, 
Pinellas to Collier Counties, 1963-66, Fla. Board of Conserv. Prof. 
Pap. 9, pp. 4-47, Tallahassee, 1967. 
Steidinger, K. A., G. A. Vargo, P. A. Tester, and C. R. Tomas, Bloom 
dynamics and physiology of Gymnodinium breve with emphasis on 
the Gulf of Mexico, in Physiological Ecology of Harmful Algal 
Blooms, edited by D. M. Anderson, A.D. Cembella, and G. M. 
Hallegraeff, pp. 135-153, Springer-Verlag, New York, 1998. 
Steven, D. M., and R. Glombitza, Oscillatory variation of a phyto- 
plankton population in a tropical ocean, Nature, 237, 105-107, 1972. 
Steven, D. M., A. L. Brooks, and E. A. Moore, Primary and secondary 
production in the tropical Atlantic, Prog. Rep. ONR NOOO14-67-A- 
0432-0001, pp. 1-124, Bermuda Biol. Stn., Bermuda, 1970. 
Sunda, W. G., and S. A. Huntsman, Interrelated influence of iron, light 
and cell size on marine phytoplankton growth, Nature, 390, 389-392, 
1997. 
Sutton, T., T. Hopkins, A. Remsen, and S. Burghart, Multisensor 
sampling of pelagic ecosystem variables in a coastal environment to 
estimate zooplankton grazing impact, Cont. Shelf Res., 21, 69-87, 
2001. 
Swap, R., S. Ulanski, M. Cobbett, and M. Garstang, Temporal and 
spatial characteristics of Saharan dust outbreaks, J. Geophys. Res., 
101, 4205-4220, 1996. 
Taylor, F. J., and U. Pollingher, Ecology of dinoflagellates, in The 
Biology of Dinofiagellates, edited by F. J. Taylor, pp. 398-529, Black- 
well Sci., Malden, Mass., 1987. 
Tester, P. A., and P. K. Fowler, Brevotoxin contamination of Merce- 
naria mercenaria and Crassostrea virginica, a management problem, 
in Toxic Marine Phytoplankton, edited by E. Graneli et al., pp. 499- 
503, Elsevier Sci., New York, 1990. 
Tester, P. A., and K. A. Steidinger, Gymnodinium breve red tide 
blooms: Initiation, transport, and consequences of surface circula- 
tion, Limnol. Oceanogr., 42, 1039-1051, 1997. 
Tester, P. A., R. P. Stumpf, F. M. Vukovich, P. K. Fowler, and J. T. 
Turner, An expatriate red tide bloom: Transport, distribution, and 
persistence, Limnol. Oceanogr., 6, 1053-1061, 1991. 
Tett, P., The ecophysiology of exceptional blooms, Rapp. P. V. Reun. 
Cons. Int. Explor. Mer., 187, 47-60, 1987. 
Timmermans, K. R., W. Stolte, and H. J. DeBarr, Iron-mediated 
effects on nitrate reductase in marine phytoplankton, Mar. Biol., 
121, 389-396, 1994. 
Turner, J. T., and P. A. Tester, Toxic marine phytoplankton, zooplank- 
ton grazers, and pelagic food webs, Limnol. Oceanogr., 42, 1203- 
1214, 1997. 
Tyrell, T., The relative influences of nitrogen and phosphorus on 
oceanic primary production, Nature, 400, 525-531, 1999. 
Vargo, G. A., and D. Howard-Shamblott, Phosphorus requirements in 
Ptychodiscus brevis: Cell phosphorus, uptake and growth require- 
ments, in Toxic Marine Phytoplankton, edited by E. Graneli et al., pp. 
324-329, Elsevier Sci., New York, 1990. 
Vargo, G. A., and E. Shanley, Alkaline phosphatase activity in the 
red-tide dinoflagellate, Ptychodiscus brevis, Mar. Ecol., 6, 251-264, 
1985. 
Villareal, T. A., and E. J. Carpenter, Diel buoyancy regulation in the 
marine diazotrophic cyanobacterium Trichodesmium thiebautii, Lim- 
nol. Oceanogr., 35, 1832-1837, 1990. 
Vukovich, F. M., and P.M. Hamilton, New atlas of front locations in 
the Gulf of Mexico, paper presented at 10th Annual Gulf of Mexico 
Information Transfer Meeting, U.S. Miner. Manage. Serv., Metairie, 
La., 1989. 
Walsh, J. J., Particle export at Cape Hatteras, Deep Sea Res., Part II, 41, 
603-628, 1994. 
11,612 WALSH AND STEIDINGER: DUST, CYANOPHYTES, AND RED TIDES 
Walsh, J. J., Nitrogen-fixation within a tropical upwelling ecosystem: 
Evidence for a Redfield budget of carbon/nitrogen cycling by the 
total phytoplankton community, J. Geophys. Res., 101, 20,607- 
20,616, 1996. 
Walsh, J. J., G. T. Rowe, R. L. Iversen, and C. P. McRoy, Biological 
export of shelf carbon is a neglected sink of the global CO2 cycle, 
Nature, 291, 196-201, 1981. 
Walsh, J. J., D. A. Dieterie, M. B. Meyers, and F. E. Muller-Karger, 
Nitrogen exchange at the continental margin: A numerical study of 
the Gulf of Mexico, Prog. Oceanogr., 23, 245-301, 1989. 
Walsh, J. J., et al., A numerical simulation of carbon/nitrogen cycling 
during spring upwelling in the Cariaco Basin, J. Geophys. Res., 104, 
7807-7825, 1999. 
Walsh, J. J., K. D. Haddad, D. A. Dieterie, R. H. Weisberg, Z. Li, H. 
Yang, F. E. Muller-Karger, C. A. Heil, and W. P. Bissett, A numer- 
ical analysis of the landfall of 1979 red tide of Gymnodinium breve 
along the west coast of Florida: The fall/winter upwelling mode, 
Cont. Shelf Res., in press, 2001. 
West, T. L., H. G. Marshall, and P. A. Tester, Natural phytoplankton 
community responses to a bloom of the toxic dinoflagellate Gymno- 
dinium breve Davis off the North Carolina coast, Castenea, 61,356- 
368, 1996. 
White, A. W., Relationships of environmental factors to toxic 
dinoflagellate blooms in the Bay of Fundy, Rapp. P. V. Reun. Cons. 
Int. Explor Mer, 187, 38-46, 1987. 
Wilson, W. B., The suitability of sea-water for the survival and growth 
of Gymnodinium breve Davis; and some effects of phosphorus and 
nitrogen on its growth, FSU Prof. Pap. Ser., 7, pp. 1-42, Fla. Board 
of Conserv., Tallahassee, 1966. 
Wyatt, T., and F. Saborido-Rey, Biogeography and time-series analysis 
of British PSP records, 1968-1990, in Toxic Phytoplankton Blooms in 
the Sea, edited by T. J. Smayda and Y. Shimizu, pp. 73-78, Elsevier 
Sci., New York, 1993. 
Yanagi, T., T. Yamamoto, Y. Koizumi, T. Ikeda, M. Kamizono, and H. 
Tamori, A numerical simulation of red tide formation, J. Mar. Syst., 
6, 269-285, 1995. 
Yang, H., and R. H. Weisberg, Response of the West Florida shelf 
circulation to climatological wind stress, J. Geophys. Res., 104, 5301- 
5320, 1999. 
Yang, H., R. H. Weisberg, P. Niiler, and A. Sturges, Lagrangian cir- 
culation and forbidden zone on the West Florida shelf, Cont. Shelf 
Res., 19, 1221-1245, 1999. 
Yentsch, C. M., C. S. Yentsch, and J.P. Perras, Alkaline phosphatase 
activity in the tropical marine blue-green alga Oscillatoria erythaea 
("Trichodesmium"), Limnol. Oceanogr., 17, 772-774• 1972. 
Zhu, X. R., J. M. Prospero, and F. J. Millero, Diel variability of soluble 
Fe(II) and soluble total Fe in North African dust in the trade winds 
at Barbados, J. Geophys. Res., 102, 21,297-21,305, 1997. 
Zhuang, G., R. A. Duce, and D. R. Kester, The dissolution of atmo- 
spheric iron in surface seawater of the open ocean, J. Geophys. Res., 
95, 16,207-16,216, 1990. 
K. A. Steidinger, Florida Marine Research Institute, Florida Fish 
and Wildlife Conservation Commission, 100 Eighth Avenue S.E., St. 
Petersburg, FL 33701. 
J. J. Walsh, College of Marine Science, University of South Florida, 
140 Seventh Avenue South, St. Petersburg, FL 33701. 
(walsh @seas.marine. usf. edu) 
(Received November 1, 1999; revised October 31, 2000; 
accepted November 7, 2000.) 
